Insulin-like growth factor II (IGF-II) mRNA was increased in two of eight neuroblastomas and in eight of eight pheochromocytomas, tumors of the adrenal medulla that occur in childhood and adulthood, respectively. RNA encoding the type I IGF receptor, the receptor thought to mediate the mitogenic effects of IGF-I and IGF-II, also was uniformly expressed in these cells. To assess the role of IGF-II in the growth of these tumor cells, we have used the SK-N-AS cultured neuroblastoma cell line, which can be continuously propagated in mitogen-free medium, as a model system. Our results strongly suggest that IGF-II, synthesized by SK-N-AS cells and acting through type 
Introduction
Insulin-like growth factor I (IGF-I)' and IGF-II are chemically similar peptides that have substantial amino acid sequence homology with insulin (1) . IGF-I is thought to mediate the growth-promoting effects of pituitary growth hormone during postnatal growth (2) (3) (4) (5) . The physiologic role of IGF-II is less well understood. Several observations suggest that IGF-II is A preliminary account of this work was presented at the University of California, Los Angeles Symposium on Molecular and Cellular Biology, January 1989.
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1. Abbreviations used in this paper: aFGF and bFGF, acidic and basic fibroblast growth factors; ECGF, endothelial cell growth factor; EGF, epidermal growth factor; G-CSF, granulocyte colony-stimulating factor; IGF, insulin-like growth factor; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PDGF, platelet-derived growth factor; TGF, transforming growth factor.
The Journal of Clinical Investigation, Inc. Volume 84, September 1989, 829-839 involved in fetal growth and development: IGF-II levels are 20-to 100-fold higher in fetal rat serum than in maternal serum (6) ; fetal rat fibroblasts secrete substantial amounts of IGF-II but little IGF-I, a situation that is reversed in fibroblasts from 50-d-old rats (7) ; IGF-II mRNA is expressed at substantially higher levels in rat (8, 9) and human (10) (11) (12) (13) (14) (15) fetal tissues than in the corresponding adult tissues; and IGF-II mRNA is considerably more abundant than IGF-I mRNA in many human fetal tissues (13, 15) .
The IGF-II gene also is expressed at high levels in several human embryonal tumors including Wilms' tumor, rhabdomyosarcoma, and hepatoblastoma relative to adult kidney, skeletal muscle, and liver, the corresponding mature tissues in which these tumors arise (10, 11, 16) . Because of the high levels of IGF-II expression in the developing fetus and in these embryonal tumors, we considered the possibility that IGF-II might contribute to the neoplastic proliferation of neuroblastoma, a highly malignant tumor that is thought to arise in cells of the developing sympathetic nervous system (17, 18) . In the present study, we demonstrate that a cell line derived from a human neuroblastoma, SK-N-AS, grows continuously in mitogen-free medium, produces IGF-II, and possesses type I IGF receptors that are capable of mediating the mitogenic activity of IGF-II. A type I IGF receptor antagonist, a-IR-3, blocks the mitogenic effects of exogenously added IGF-I and IGF-II and inhibits the growth of SK-N-AS cells in mitogen-free medium. These results strongly suggest that IGF-II, acting through type I IGF receptors, is an autocrine growth factor for SK-N-AS cells. The presence of IGF-II mRNA and type I IGF receptor mRNA in some neuroblastomas and in pheochromocytomas, tumors of the adult adrenal medulla, suggest that IGF-II also may be an autocrine growth factor for some tumors of the adrenal medulla.
Methods

Cell culture
Stock cultures of SK-N-AS cells (19) (20) (21) ; gift of Dr. L. Helson, ICI Americas, Wilmington, DE) were grown in monolayer culture for several passages in medium containing 10% fetal bovine serum. To determine whether SK-N-AS cells were able to grow in medium without serum, cells were transferred directly into serum-free N2E medium (described below) containing insulin (1 gg/ml). After several passages, insulin was omitted from the medium, and the cells were continuously propagated in mitogen-free N2E medium. SK-N-AS cells were fed every 3-4 d and were passaged weekly at a ratio of 1:10. Cells were routinely fed 24 h before harvest for experiments.
Dulbecco-Vogt's modified Eagle's medium (50:50, vol/vol) supplemented with sodium bicarbonate (1.2 mg/ml), Hepes buffer (15 mM) (Biofluids, Rockville, MD), penicillin (50 U/ml), streptomycin (50 ,ug/ml), and L-glutamine (2 mM). Culture dishes were pretreated with poly-D-lysine (100 Ag/ml) (Sigma Chemical Co.), and human fibronectin (5 yg/ml) (Bethesda Research Laboratories, Gaithersburg, MD) was added to the medium at the time of plating. Medium used for refeeding the cultures did not contain fibronectin.
Materials
Peptides. IGF-I (Thr59 analogue) was purchased from Amgen Biologicals (Thousand Oaks, CA). Rat IGF-II (7.5 kD) was purified from media conditioned by the BRL 3A rat liver cell line (ATCC CRL 1442) as described by Greenstein et al. (24) and kindly provided by Dr. S. P. Nissley (National Cancer Institute). Recombinant human IGF-II was a gift of Dr. M. C. Smith (Eli Lilly Co., Indianapolis, IN). The following growth factors were purchased from the indicated commercial sources:
transforming growth factor-#,B (TGF-(Bi, human platelets, 97% pure), platelet-derived growth factor (PDGF, human platelets), and acidic fibroblast growth factor (aFGF, bovine brain, 95% pure), R and D Systems, Inc., Minneapolis, MN; basic fibroblast growth factor (bFGF) and granulocyte colony-stimulating factor (G-CSF, recombinant, 95% pure), Amgen Biologicals; epidermal growth factor (EGF, mouse submaxillary gland, receptor grade) and endothelial cell growth factor (ECGF, bovine brain, 90% pure), Collaborative Research, Inc., Bedford, MA. Antibodies. Rabbit antiserum to human IGF-II was a gift of Dr. R. Sportsman (Eli Lilly Co.) Mouse monoclonal immunoglobulin a-IR-3 (95% IgG-KI) (25, 26) Radioligands. 125I-IGF-I (267 Ci/g) was purchased from Amersham Corp. (Arlington Heights, IL). '251-labeled rat IGF-II was iodinated using the chloramine-T procedure (27) . '25I-labeled human IGF-II was prepared using the lactoperoxidase procedure as described by Gowan et al. (28) .
Collection ofconditioned media
Mitogen-free N2E medium (30 ml per 150-cm2 flask) was incubated for 3 d with confluent (-2-5 X 105 cells/cm2) SK-N-AS cells. The conditioned medium was centrifuged to remove cells and cellular debris. Aprotinin (4.88 trypsin inhibitor units/ml) (Sigma Chemical Co.) was added to the supernatant and it was stored at -700C until it was further purified.
Purification ofIGF-IIfrom conditioned medium
IGFs were partially purified from SK-N-AS-conditioned medium by gel filtration at acid pH to dissociate and resolve the IGFs from their binding proteins (29) . In these experiments, 5 ml of conditioned medium was lyophilized, resuspended in I ml of IM acetic acid, and fractionated on a Sephadex G-50 column (128 ml; 1.5 x 85 cm) that had been equilibrated with 1 M acetic acid at room temperature.
'25I-labeled rat IGF-II (50,000 cpm) was added to the sample to identify the elution position of IGF-II; 73% ofthe applied radioactivity was recovered.
To identify fractions that had IGF activity but did not contain IGF-binding proteins, 100-ul aliquots of alternate column fractions were dried, resuspended in Dulbecco's phosphate-buffered saline (without Ca2+, Mg2+) containing 0.2% fatty acid-free bovine serum albumin (No. A75 11, Sigma Chemical Co.). Fractions containing IGF-binding proteins were identified using the charcoal separation assay (29) . '25I-labeled rat IGF-II (20,000 cpm) was incubated with 50-Ml aliquots of the resuspended fractions in a final volume of 0.4 ml for 16 h at 4°C. Unbound tracer radioactivity was removed with activated charcoal (5% suspension in phosphate-buffered saline containing 2% fatty acid-free bovine serum albumin). IGF tracer radioactivity that was complexed to binding proteins remained in the charcoal supernate and was quantitated in a y-spectrometer (Beckman Instruments Inc., Palo Alto, CA).
Fractions containing IGFs were identified in a radioreceptor assay using solubilized rat placental membranes as described below (30) . Fractions containing activity in the IGF-II receptor assay, coeluting with '25I-IGF-11, and lacking binding protein activity were pooled.
Radioligand assays for IGFs IGF-II radioreceptor assay using solubilized rat placental membranes. Rat placental membranes were prepared and solubilized with Triton X-l00. Aliquots of solubilized membrane (0.5 ul per tube) were incubated with '251-labeled rat IGF-II (20,000 cpm) and 5 Ml aliquots of resuspended column fractions in a final volume of 0.3 ml for 18 h at 4°C (30) . Unbound radioactivity was removed with activated charcoal as described above. Radioactivity bound to receptor remained in the charcoal supernatant and was quantitated. Recombinant IGF-I showed < 0.3% cross-reactivity (results not shown).
IGF-II radioimmunoassay. Increasing amounts of recombinant human IGF-II or fractionated SK-N-AS-conditioned medium were incubated (4°C, 16 h) with rabbit antiserum to human IGF-II (1:4,000 final dilution) and '25I-labeled human IGF-II (13,000 cpm) in a final volume of borate-buffered saline, pH 8.5, containing 5 mg/ml bovine serum albumin as previously described (29) . Radioactivity bound to the antibody was collected using protein A-containing Staphylococcus aureus (Pansorbin, Calbiochem-Behring Corp., La Jolla, CA). Recombinant IGF-I exhibited -1% cross-reactivity in this assay (results not shown).
IGF-I radioimmunoassay. The radioimmunoassay for IGF-I (2) was performed as previously described (29) . B/Bo = 0.5 was observed with 0.27 ng per tube IGF-I.
Ligand binding assays for IGF cell surface receptors Cell-associated radioactivity was determined after incubation for 18 h at 0°C as previously described (27) .
Mitogenesis assays
Cell multiplication. Exponentially growing SK-N-AS cells were plated into replicate 25-cm2 tissue culture dishes at a density of 1 X 104 cells/cm2 in the indicated media and fed every 4 d. Cells were harvested in Puck's saline containing 1 mM EDTA and counted with an electronic particle counter (Coulter Electronics, Inc., Hialeah, FL).
In some studies, cell number was assessed by a colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (31) (32) (33) 
Northern blot analysis
Total RNA was prepared from SK-N-AS cells or tissues by the method of Chirgwin et al. (34) . Polyadenylated mRNA was prepared from SK-N-AS cellular RNA and from adult human liver tissue RNA using oligo-dT chromatography (35) . Northern blot hybridization was performed as previously described (36) . Blots were hybridized with nicktranslated plasmid probes containing cDNA inserts for IGF-I (777-bp insert in pKT2 18 [37] , kindly provided by K. Gabbay, Baylor College of Medicine, Houston, TX), rat IGF-II (pr-IGF-II-l, 780-bp insert in pUCl2 [38] from that of cells grown in medium containing insulin or serum. The initial growth lag was observed consistently for cells grown in the absence of serum or insulin, but not in their presence. This suggested that rapid growth of SK-N-AS cells in mitogen-free medium required the endogenous synthesis of a growth factor. Since the growth lag was abolished by a supraphysiologic concentration of insulin, and since high concentrations of insulin frequently act as mitogens by cross-reacting with type I IGF receptors (40) , we examined the possibility that the endogenous mitogen in SK-N-AS cells might be an IGF.
SK-N-AS cells express mRNA for IGF-II. RNA from SK-N-AS cells was examined by Northern blot hybridization analysis to determine if they expressed mRNA encoding IGF-I or IGF-II. Weak hybridization was observed using a cDNA probe for IGF-I and poly-A selected SK-N-AS mRNA ( Fig. 2  A) ; no hybridization was detected in total RNA preparations from SK-N-AS cells (data not shown). Levels of IGF-I RNA in SK-N-AS cells were markedly lower than in normal adult liver. SK-N-AS cells shared a 1.8-kb IGF-I transcript with normal adult liver, but did not express the major 8.3-kb transcript, or the 4.4-, 3.8-, 1.1-, or 0.8-kb transcripts found in adult liver (Fig. 2 A) (41) . A 0.4-kb transcript seen in SK-N-AS cells was previously described for MCF-7 breast cancer cells and human placenta (41, 42 In contrast to IGF-I mRNA, high levels of IGF-II mRNA were readily detectable and quite abundant in total cellular RNA from SK-N-AS cells (Fig. 2 B, lane 2) . IGF-II RNA levels in SK-N-AS cells were similar to those in fetal liver and kidney, and markedly greater than in adult liver and kidney. The sizes of the IGF-II mRNAs we detected, 6.1, 4.6, and 2.2 kb, correspond to the sizes of mRNAs transcribed from the two promoters utilized in human fetal liver and other fetal and adult tissues and tumors (12, 14) , but not to the 5.3-kb mRNA synthesized from a different promoter (12, 14) and only expressed in adult human liver (10) (11) (12) (13) (14) (15) (Fig. 2 B, lane 1) .
SK-N-AS cells synthesize IGF-II. To determine whether the abundant IGF-II RNA in SK-N-AS cells is translated into protein, conditioned medium was concentrated and gel-filtered on a Sephadex G-50 column at pH 2.3 to obtain an IGF pool uncontaminated by IGF-binding proteins (Fig. 3) . Fractions 48-65 contained IGF activity, as recognized by the inhibition of 1251I-IGF-II tracer binding to rat placental IGF-II receptors and coelution with a 7.5-kD 1251I-IGF-II marker included in the gel filtration sample, and were well resolved from IGF binding proteins (fractions [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Fractions in the IGF peak (fractions [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] were pooled and examined in a radioimmunoassay and a radioreceptor assay that are specific for IGF-II. Dilutions of the pooled IGF fractions inhibited 12511
IGF-II tracer binding to antibody (Fig. 3 B) and receptor ( Fig.   3 C) with a dose-response curve parallel to that observed with a recombinant human IGF-II standard. The concentration of IGF-II in SK-N-AS-conditioned medium was calculated to be 57±4 ng/ml (n = 2) by radioimmunoassay and 54 ng/ml by radioreceptor assay, without correction for recovery. (Recovery of 1251I-IGF-II added to the sample before gel filtration was 73%). When a comparable IGF pool was assayed using an IGF-I radioimmunoassay (2), small degrees of inhibition were 'observed with larger volumes of conditioned media giving an inhibition curve that was nonparallel to the recombinant IGF-I standard (not shown). At most, the content of immunoreactive IGF-I in these samples was estimated as < 0.8 ng/ml at B/Bo = 0.8, and < 0.3 ng/ml at B/Bo = 0.5, although the nonparallelism of the dose-response curve argues against the apparent activity representing authentic IGF-I. Thus, SK-N-AS cells synthesize and secrete appreciable amounts of IGF-II and little, if any, IGF-I.
SK-N-AS cells possess type I IGF receptors on their cell surface. IGF-II binds with high affinity to at least two structurally distinct receptors: the type I IGF receptor that has intrinsic tyrosine kinase activity and the IGF-II/mannose-6-phosphate receptor, a multifunctional receptor that, in addition to binding IGF-II, also binds lysosomal enzymes containing a mannose-6-phosphate recognition marker (39, 40, 44, 45) . The two receptors also differ in their binding specificity for IGF-I, IGF-II, and insulin, and in their recognition by anti-receptor antibodies (40) . Only the type I IGF receptor has been shown conclusively to mediate the mitogenic activities of IGF-I and IGF-II (46) (47) (48) (49) (50) (51) .
In competitive binding experiments using '25I-IGF-I, we identified typical type I IGF receptors on the surface of SK-N-AS cells (Fig. 4 A) . IGF-I tracer binding at 0°C was inhibited in a dose-dependent fashion by unlabeled IGF-I (ED50 5.9±1.6 ng/ml, n = 4); rat IGF-II was four times less potent than IGF-I and insulin 600 times less potent than IGF-I (n = 3). A monoclonal antibody specific for type I IGF receptors, a-IR-3 (25, 26) , inhibited the binding of IGF-I tracer to SK-N-AS cells in a dose-dependent fashion, reaching a maximum of 80% inhibition. No inhibition was observed with an isotypic control immunoglobulin (Fig. 4 A) . Affinity cross-linking experiments confirmed that '251-IGF-I bound specifically to a 130-kD complex under reducing conditions, appropriate for the a subunit of the type I receptor (results not shown).
Binding of '251-IGF-II to SK-N-AS cells was -25% as much as that observed with '25I-IGF-I. The binding of IGF-II tracer was inhibited by IGF-I, IGF-II, and insulin with a similar affinity and order of potency as that observed with IGF-I tracer (Fig. 4 B) (Fig. 4 A) . IGF-II stimulated [3H]thymidine uptake in SK-N-AS cells with 90% the potency of IGF-I in one experiment (data not shown) and 40% the potency of IGF-I in the experiment presented in Fig. 5 ; insulin was 0.3±0.5% as potent as IGF-I (n = 3) (data not shown). A panel of other peptides including EGF, aFGF, bFGF, ECGF, PDGF, and TGF-l,1 at concentrations as high as 100 ng/ml or G-CSF at 100 U/ml did not stimulate [3H] After 48 
SK-N-AS cells under similar experimental conditions (data not shown).
An anti-receptor monoclonal antibody to the type I IGF receptor inhibits the stimulation of [3H]thymidine uptake by exogenous IGF-I and IGF-II. We next sought to determine whether the stimulation ofthymidine uptake in SK-N-AS cells by exogenous IGF-I or IGF-II was mediated through the type I IGF receptor. In these experiments, SK-N-AS cells that had been preincubated with a-IR-3 IgG (2 ,g/ml) or an irrelevant IgG (MOPC-2 1) were plated into medium containing IGF-I or IGF-II with a-IR-3 IgG (1 jig/ml) or control IgG for 48 h.
[3H]Thymidine was added, and its uptake measured after 24 h (Fig. 5) . Uptake in the absence ofadded peptides was inhibited -25% by a-IR-3. The mitogenic effects of up to 25 ng/ml of IGF-I or IGF-II were completely inhibited by a-IR-3. This inhibition was partially overcome by higher concentrations of growth factors. Curiously, [3H]thymidine uptake in the presence of a-IR-3 and 2-20 ng/ml of IGF-I was lower than that observed with a-IR-3 or the same concentrations of IGF-I added separately. This superinhibition was repeatedly observed and may reflect inhibition ofendogenous growth stimulation through this receptor.
An anti-receptor monoclonal antibody inhibits the autocrine growth of SK-N-AS cells. In the preceding experiment, we observed that a-IR-3 inhibits [3HJthymidine uptake into SK-N-AS cells even in the absence of exogenously added IGFs (Fig. 5) . In the experiment shown in Fig. 6 , we evaluated the effect of this antibody on the proliferation of SK-N-AS cells. 36 and 72 h, in addition to the time ofplating and day 6. Less inhibition was observed when the antibody was added only at the time of plating and at day 6, or at these two times and at 24 and 48 h, suggesting that the presence of fresh antibody at 36 h, before the second cycle of DNA synthesis, may be critical). The inhibition of growth of SK-N-AS cells by a-IR-3 does not appear to be due to nonspecific toxicity as a-IR-3 had no effect on several other tumor cell lines tested in our laboratory (data not shown). These results suggest that the growth of SK-N-AS cells is mediated by endogenously produced growth factors, most probably IGF-II, acting through a type I IGF receptor.
IGF-II mRNA and type I IGF receptor mRNA are expressed in neuroblastoma andpheochromocytoma tumors and normal adrenal medulla. Since IGF-II appeared to be involved in the autocrine growth ofthe SK-N-AS neuroblastoma tumor cell line, we surveyed neuroblastomas and pheochromocy-tomas, tumors of mature adrenal medullary cells that are distinct from neuroblastoma and typically occur during adulthood (53) , for the expression of IGF-II mRNA. Using Northern blot hybridization analysis of total RNA, we found that IGF-II mRNA was expressed in two of six neuroblastomas (Fig. 7 A) .2 Two additional neuroblastoma tumors also did not express detectable IGF-II mRNA (data not shown). Similarly, IGF-II gene expression was reported previously in one of four neuroblastomas (10, 11, 16) . In contrast, IGF-II mRNA was detected in eight ofeight pheochromocytoma tissues (Fig. 7 B) . Haselbacher et al. (54) observed slightly increased IGF-II mRNA and 20-fold higher IGF-II protein levels compared with adult adrenal medulla in three of three pheochromocytomas. IGF-II mRNA was also detected in adult adrenal medulla, but not in adrenal cortex (Fig. 7 B, lanes IO and 11,  respectively) .
Adrenal medullary tumors also express the gene for the type I IGF receptor. We detected type I IGF receptor mRNA in six of six neuroblastomas and seven of the eight pheochromocytoma tumors examined for the presence of IGF-II mRNA (Fig. 7 , C and D, respectively). Type I receptor mRNA also was detected in adrenal medulla, and to a lesser extent, in adrenal cortex (Fig. 7 D, lanes IO and 11, respectively) . These findings suggest that the IGF-II-mediated autonomous growth stimulation seen in neuroblastoma-derived SK-N-AS cells might contribute to the growth of some adrenal medullary tumors in vivo.
Discussion
IGF-II mRNA is expressed at high levels in a wide range of human tumors (1 1). These include Wilms' tumor (10, 16, 54) , rhabdomyosarcoma (10, 1 1), liposarcoma (55), 40% of colon carcinomas (55) , leiomyomas/leiomyosarcomas (41), breast carcinomas (56) , and 20% of hepatic carcinomas (57) . IGF-II RNA also is increased in rat medullary thyroid carcinomas (58) and hepatocellular carcinomas (59, 60) , and in woodchuck hepatocellular carcinomas that develop after chronic infection with woodchuck hepatitis virus (61) . These studies do not address the question of whether the expression of IGF-II mRNA is an epiphenomenon or consequence of tumorigenesis, or whether IGF-II is involved in the initiation or propagation ofthe tumors. For example, in only a few instances has tumor expression of IGF-II protein been reported. Immunoreactive IGF-II was demonstrated in tumor extracts in three pheochromocytomas (54) and one leiomyosarcoma (62) . In the latter case, and in two preliminary reports (63, 64) , expression of IGF-II protein was suggested by the occurrence of clinical hypoglycemia, presumably resulting from the interaction of overproduced IGF-II with insulin receptors. In general, it has not been demonstrated that these tumors possess type I IGF receptors, the receptors that are thought to mediate the mitogenic effects ofIGF-I and IGF-II, or that blockade ofthese receptors impairs cell multiplication. In the present study, we demonstrate that RNAs encoding IGF-II and the type I IGF receptor are expressed in two tumors of the adrenal medulla, neuroblastoma and pheochromocytoma, and in a neuroblas- toma cell line (SK-N-AS). We present evidence strongly suggesting that physiologically relevant levels of IGF-II protein are synthesized and secreted by SK-N-AS cells, and that, by interacting with the type I IGF receptor, it contributes to the autocrine growth of these cells. This mechanism may be important for the growth of both normal adrenal medulla tissue and some adrenal medullary tumors.
SK-N-AS cells express IGF-II mRNA at high levels. The sizes ofthe observed mRNAs, 6.1 and 4.6 kb, suggest that they arise from the two promoters that are expressed in fetal liver (and in other fetal and adult tissues), rather than from the weak promoter that only is utilized in adult liver (12, 14) . A 2.2-kb mRNA also was observed that is thought to arise from the same promoter as the 6.1-kb RNA, but utilizes a different poly A addition site (14) .
SK-N-AS cells synthesize and secrete sufficient quantities of IGF-II protein to stimulate mitogenesis in these cells. An IGF pool was prepared by acid gel filtration of conditioned media that was demonstrated to be free of any contamination by IGF binding proteins which also are synthesized and secreted by SK-N-AS cells. The pooled IGF fractions were assayed in a radioreceptor assay and a radioimmunoassay that are specific for IGF-II and have negligible cross-reactivity with IGF-I. The dose-response curves obtained with an IGF pool from SK-N-AS-conditioned medium were parallel to those of a recombinant IGF-II standard, consistent with the reactive material being authentic IGF-II. Its coelution with a radiolabeled 125I-IGF-II marker on the gel filtration column suggests that the E-domain propeptide had been removed from the 17.6-kD pro-IGF-II precursor (65 (48, 49) . This also appears to be the case for SK-N-AS cells. DNA synthesis is stimulated most potently by IGF-I, by slightly higher concentrations of IGF-II, and by high concentrations of insulin. This profile mirrors the relative affinities of the three peptides for binding to the type I IGF receptor (40) . Moreover, stimulation ofDNA synthesis by exogenous IGF-I and IGF-II (Fig. 5) (66) , there is no conclusive evidence that IGF-II exerts its mitogenic effects through this receptor (40, 45, (48) (49) (50) (51) . In addition, since exogenous and autonomous mitogenesis in SK-N-AS cells are inhibited by a-IR-3, an antibody that does not recognize the IGF-II receptor, these effects cannot be mediated by the IGF-II receptor.
A monoclonal antibody antagonist of the type I IGF receptor, a-IR-3, inhibited the autonomous growth of SK-N-AS cells. -First, in the absence of added peptide, [3H1thymidine uptake was inhibited -25% by a-IR-3. A comparable inhibition of growth was observed in four small cell lung cancer cell lines that are thought to exhibit autocrine growth stimulation by IGF-I (32). Second, in the presence oflow concentrations of added IGF-I, a-IR-3 inhibited thymidine uptake below levels seen in untreated control cells. A similar response was observed for IGF-I stimulated cell multiplication in one of four small cell lung cancer cell lines (32) . Although the mechanism of this inhibition is unclear, it suggests that under some circumstances (namely, low concentrations of IGF-I), a-IR-3 can profoundly inhibit autonomous DNA synthesis. Finally, we demonstrated directly that a-IR-3 IgG, but not control IgG, nearly completely inhibited the autonomous multiplication of SK-N-AS cells. The most likely explanation of this result is that the endogenous growth factor, IGF-II, acts through the type I IGF receptor to stimulate DNA synthesis and cell multiplication in SK-N-AS cells. Whether this represents autocrine stimulation by IGF-II that is secreted by SK-N-AS cells and taken up by type I IGF receptors on the cell surface, or internal direct activation of intracellular type I receptors by IGF-II as described for PDGF receptors (67) is not known.
Thus, we have demonstrated that SK-N-AS cells derived from a human neuroblastoma replicate autonomously, at least in part, because of autocrine stimulation by IGF-II. Since some neuroblastomas and all pheochromocytomas synthesize substantial amounts of IGF-II mRNA, and since virtually all ofthese tumors express mRNA for the type I IGF receptor that mediates the autocrine growth stimulation by IGF-II, we propose that a similar autocrine stimulation by IGF-II may contribute to the growth of some tumors of the adrenal medulla.
Endogenously produced IGF-I and IGF-II are thought to participate in the growth of normal cells. Monoclonal antibodies directed against IGF-I (but cross-reacting with IGF-II) inhibited PDGF-stimulated growth of cultured human fibroblasts and porcine smooth muscle cells (attributed to IGF-I; 68) and thyrotropin-stimulated DNA synthesis in the FRTL5 rat thyroid cell line (attributed to IGF-II; 69). Yee et al. (56) reported that IGF-II mRNA expression in normal breast tissue was equal to or greater than that in breast carcinoma tissue from the same patient, suggesting that IGF-II may be produced by stromal cells rather than the tumor itself. The autocrine growth stimulation by IGF-II that we have observed in SK-N-AS cells also may be operative in normal adrenal medulla. IGF-II mRNA is expressed in adrenal medulla, as in other normal adult tissues (10, 11, 70) , and normal adrenal medulla also expresses RNA encoding the type I IGF receptor. Thus, the proliferation of adrenal medullary tumors may result from the pathologically altered expression of a normal cellular growth regulatory pathway.
